An Al ribbon was bonded to SiO 2 substrate with a 60 kHz ultrasonic wedge bonder. The shear force applied at the interface between the ribbon and the substrate was measured with a piezoelectric load-cell. Simultaneously, the vibration amplitude at the tip of bonding tool was monitored with a laser-Doppler vibrometer. It was suggested from experimental results that the maximum interfacial shear force was 6.4 times larger than the bonding force, i.e., the friction coefficient at the interface could be significantly high during ultrasonic bonding. The evolution and the transmission of the interfacial shear force were discussed, based on numerical simulations. The purpose of the present study is to reveal the evolution of interfacial shear force at the interface during ultrasonic ribbon bonding.
Introduction
In recent years, power electronics devices play important role in efficient energy use. 1) Application of the devices is spreading to most of equipments which use electric power. Above all, the power electronics devices used in infrastructure have to endure a heavy load because the devices control very high electric power. On the other hand, every joint in power electronics devices needs to be extremely reliable because single disconnection would make entire system wrong. Ultrasonic bonding is extensively applied in packaging of the devices. To ensure the reliability of bonding, it is essential to control the bonding process based on detailed knowledge of the bonding mechanism. Therefore, the bonding mechanism has to be understood correctly. The mechanism of ultrasonic bonding has been studied both experimentally and numerically. A few studies about interfacial frictional state during wire bonding and ball bonding have been reported.
24)
Shah et al. conducted experiment to derive ultrasonic friction power during Al wedge-wedge bonding. 5) They measured ultrasonic force using integrated piezoresistive microsensor and estimated ultrasonic power force from measured values. However, the Al wire used in their study was very thin (fine). In case of thick wire or ribbon bonding, the result can be different. Moreover, the integrated piezoresistive microsensor may not be adequate to monitor interfacial force. Suzuki et al. investigated interfacial states during ultrasonic Al ribbon bonding by numerical simulation. 6, 7) It was suggested that the interfacial shear force can be over 10 times higher than the bonding force. But there is no experimental report about that. The knowledge of interfacial frictional states will help to understand ultrasonic ribbon bonding. The purpose of the present study is to reveal the evolution of the interfacial shear force at the interface during ultrasonic ribbon bonding. Figure 1 schematically illustrates the ultrasonic bonding apparatus used in the present study. High purity (99.99 mass%) Al ribbon was bonded to SiO 2 substrate by the ultrasonic bonding method. 8) The thickness and the width of Al ribbon were 0.2 and 1 mm, respectively. The thickness of SiO 2 substrate was 0.82 mm. The specimens were cleaned with ultrasonic acetone bath just before the bonding tests. The ultrasonic vibration was applied to the upper surface of Al ribbon through the bonding tool as illustrated in Fig. 1 . The bonding tool was made of tungsten carbide. The measuring system was made of SUS304 stainless steel. The vibration direction was in parallel to the longitudinal direction of Al ribbon. The ultrasonic frequency f was 60 kHz. The bonding force F B was also applied to the upper surface of Al ribbon. The bonding force was 7.0 N, which was perpendicular to the surface of Al ribbon. The ultrasonic power P was changed in the range of 0.53.0 W. The bonding time t was 400 ms (the period when the ultrasonic vibration was inputted).
Experimental Procedure
The interfacial shear force F is produced during ultrasonic bonding at the interface between the ribbon and the substrate. The interfacial shear force is transmitted from the lateral side of the substrate to the jig (push rod) which fixes the substrate in the horizontal direction and then it can be measured by the piezoelectric load cell. The measuring system was designed and made of SUS304 stainless steel, based on numerical simulations. The system is illustrated in Fig. 1 . In other words, we measured the average gloss shear force transmitted from the lateral side of the substrate to the piezoelectric load cell, because it is very difficult to measure the actual interfacial shear force directly. As illustrated in Fig. 1 , the push rod fixed the load cell well to the substrate by a bolt, i.e., the interfacial shear force was actually transmitted to the load cell by the elastic vibration. Simultaneously, the vibration amplitude "x at the tip of the bonding tool was monitored with a laser-Doppler vibrometer. The sampling permissible precisions of the piezoelectric load cell and the laser-Doppler vibrometer were less than 90 kHz and 2.5 MHz, respectively.
Numerical Simulation Procedure
It is necessary to understand how the interfacial shear force at the bonding interface is transmitted to the load cell through push rod made of stainless steel. In other words, we have to solve the problem whether the shear force can be transmitted to the load cell precisely or not. The numerical analysis concerning the elastic deformation of the measuring system was carried out. It is very important to estimate the accuracy of the measuring system and to secure the experimental results. The numerical method was carried out by using the finite element method. 9) Figure 2 shows the mesh pattern of the measuring system, together with SiO 2 substrate, Al ribbon and the bonding tool. Numerical simulations of deformation of Al ribbon and the measuring system (push rod and stage) which fixes SiO 2 substrate were conducted as a problem of two-body which consist of two sub-areas. 10) One sub-area is Al ribbon and another is the measuring system. It was assumed that Al ribbon was a visco-plastic body and the measuring system with the substrate was a perfect elastic body. It was also assumed that the frictional slip occurred between Al ribbon and SiO 2 substrate and that the substrate was fixed well at the both lateral sides to the push rod. At first, the free boundary condition was assumed at the interface between the bottom side of the substrate and the stage.
The visco-plastic deformation of Al ribbon was calculated according to the previous study.
7 ) The elastic strain of Al ribbon was ignored because non-linear calculation with large deformation was mainly conducted in the numerical analysis. The vibration ratio between the upper and the lower side of Al ribbon was changed from 1.0 (for the free slip condition) to 0.0 (for fixed boundary condition). The reaction forces in the x and y direction were given from the Al ribbon to the SiO 2 substrate at the bond-interface due to the frictional slip which occurred at the interface between Al ribbon and the substrate. Because the elastic displacement of SiO 2 substrate in the x direction was much less than the lower side displacement of Al ribbon, the slip amount was nearly equal to the lower side displacement of Al ribbon, i.e., the elastic displacement of substrate could be neglected.
The frictional slip may occur at the interface between the bottom side of the substrate and the stage. The boundary condition of the free slip was changed to consider the frictional slip. The average friction coefficient at the interface between the substrate and the stage was changed from 0.0 (free slip) to 0.5. By taking into account the frictional slip behavior at the interface between the substrate and the stage, we could estimate the loss of the interfacial shear force which was transmitted to the load cell. The material constants of deformation were given from literature. 11, 12) The force given to the Al ribbon by the bonding tool is reduced due to Al plastic deformation and the frictional slip at the bond-interface. The reduced force is transmitted to the upper side of SiO 2 substrate first. Solution of twobody problem makes it possible to give the distribution of the reduced forces (shear force and normal force) at the interface in the x and y directions. The measuring system has to transmit the reduced force to the load cell correctly. This depends on the friction behavior at the interface between the substrate and the stage and also the structure of the push rod. We investigated the dependence, based on the numerical simulation using the model illustrated in Fig. 2 .
As illustrated in Fig. 2 , the mesh division of Al ribbon is considerably finer than that of SiO 2 substrate and the measuring system. It is because the elastic deformation of SiO 2 can be solved with not so much fine mesh division, i.e., the elastic strain of the measuring system (elastic body) is much less than plastic strain of Al ribbon. In the numerical model, Al ribbon has 12 elements with 25 nodes at the bondinterface. 7) On the other hand, the SiO 2 substrate has only 2 elements with 5 nodes at the bond-interface. The nodal forces of 25 nodes of Al ribbon were assigned to these of 5 nodes. The stress distribution was comparable between Al ribbon bottom side and SiO 2 substrate upper side. The sum of the forces assigned in the x direction was assumed to be the interfacial shear force produced at the bond-interface during bonding. That is, the two-body problem between Al ribbon and the measuring system with the substrate was numerically solved. The friction between SiO 2 substrate and the stage was taken into account as stated above. The force detected by the load cell was estimated, based on the numerical simulations. Figure 3 shows the stress distribution at the bond-interface of Al ribbon under the condition of bonding pressure P B of 28 MPa and temperature T of 300 K. The bonding pressure P B = 28 MPa is comparable to the bonding force F B = 7 N in the experiment. This is a calculated result when the ultrasonic vibration is applied from the left to the right hand side. The displacement rate in the x direction was given by 1.88 © 10 ¹2 m s ¹1 at the upper side of Al ribbon as a boundary condition due to the ultrasonic vibration transmitted from the bonding tool. The Al ribbon was assumed to be pressed uniformly in the y direction by the bonding tool, i.e., the displacement rate in the y direction at the upper side of Al ribbon was assumed to be uniform so that the bonding pressure could be equal to the given value (28 MPa). The vibration ratio R d = A b /A o was assumed to be 0.99999, where A o is the amplitude at the top (upper side) of Al ribbon and A b is the average amplitude at the bottom side of Al ribbon contacted to the bond-interface. As seen in Fig. 3 , the shear stress¸x y is much higher than the normal stress · y at the center of the bond-interface. The normal stress is compressive in the front area of the vibration direction (right hand side) but it is tensile at the back area (left hand side), even if the bonding tool presses the Al ribbon. We can estimate from Fig. 3 that the gross interfacial shear force F I is approximately 33.4 N.
Results and Discussions
Because of the force balance at the bond-interface, the substrate is compressed by F B = 7 N and is shear-deformed by F I = 33.4 N. The measuring system consists of substrate and stage, push rod, bolt and fixing sticker illustrated in Fig. 1 . They were assumed to be a perfect elastic body. Because the substrate was fixed in advance by the push rod and the sticker under a large compression, the measuring system was elastically deformed under the fixing compression before the bonding force was applied to the substrate. The elastic deformed state of the measuring system was defined as the initial state. Figure 4 shows the elastic displacement of the measuring system from the initial state, i.e., Fig. 4 represents the elastic deformation due to F B and F I , although the fixing sicker is neglected in Fig. 4 . The elastic displacement in Fig. 4 is magnified 140 times. The push rod and the load cell undergo a slight elastic deflection by compressive and shear forces F B and F I . Table 1 shows the calculated values of the gross force F L at the load cell. If there is no friction between SiO 2 substrate and the stage (the friction coefficient ® = 0), F L is slightly larger than F I . It would be because a moment is applied to the load cell by the deflection. As the value of ® becomes larger, F L decreases. Experimentally, ® is supposed to be less than 0.5. Therefore, it is suggested that the measuring system designed in the present study is adequate to monitor the interfacial shear force, although it may contains an underestimation. Figure 5 shows the experimental results of (a) interfacial shear force and (b) tool-tip vibration under the condition of F B = 7.0 N and P = 2.0 W. The interfacial shear force shown in Fig. 5(a) was measured by the load cell. If the bonding process (adhesion) is successfully produced, the evolution in the shear force during bonding can be divided into three stages: the initial stage, the middle stage and the final stage. In the initial stage, the shear force increases rapidly and the vibration amplitude is large and dose not decrease. In the middle stage, the shear force keeps increasing but the amplitude begins to decrease gradually. On the other hand, in the final stage, the shear force and the amplitude are kept to be constant under a decreased state. If the adhesion is broken by the shear force, then they exhibit a sharp fluctuation. Because the adhesion is not enough and locally formed in the initial stage, the fluctuation is often observed until the adhesion is formed well. Then the amplitude gradually decreases into the final stage. Figure 6 shows the interfacial shear force and the vibration in the initial stage of Fig. 5 until t = 1.5 ms. The amplitude reaches maximum at t µ 0.3 ms. This is due to a characteristic of the ultrasonic transducer. In contrast, it takes about 1.2 ms before the shear force becomes maximum. These results indicate that at first the ribbon slides on the substrate almost freely. Adhered areas are formed locally at the bonding interface and they expand rapidly in the initial stage. In the middle stage, the shear force increases gradually. Corresponding to this change, the vibration amplitude at the tool tip is suppressed. It is considered that the adhered areas constrain the vibration and the expansion of the adhered area increases the constraint in the middle stage.
In the final stage, the shear force and the amplitude are kept steady. The motion of the ribbon in the final stage is strongly constrained by grown adhered areas in the bonding interface. The maximum shear force is approximately 40 N, which is 5.7 times larger than the bonding force. This value is extremely high compared with the friction coefficient of normal frictional state. It is, therefore, concluded that the friction coefficient can be significantly high at ultrasonic ribbon bonding because of adhesion at the bonding interface. Also, it was suggested in the previous study that the frictional slip occurs in the final stage against such a high frictional state. Figure 7 shows the result of (a) interfacial shear force and (b) tool-tip vibration under the condition of F B = 7.0 N and P = 3.0 W. The maximum shear force is approximately 35 N, which is smaller than that of P = 2.0 W in spite of high ultrasonic power. The amplitude is not suppressed completely and is unsteady. Under this condition, the ribbon deforms largely and often fractures on the way of bonding, before sufficient adhered areas are grown up. It can be said that the adhered areas are not expanded effectively by the high ultrasonic power, i.e., increasing the ultrasonic power does not always lead to a good bonding process. Figure 8 shows the interfacial shear force at t = 400 ms under the condition of F B = 7.0 N and P = 0.53.0 W. Because the condition of P = 0.5 W was not enough for a good bonding, sometimes the bonding was not achieved under P = 0.5 W. This suggests that adhered areas are not formed sufficiently because of low ultrasonic power. As the ultrasonic power increases, the interfacial shear force increases. At P = 2.5 W, the average shear force reaches approximately 45 N, which is 6.4 times larger than the bonding force, as seen in Fig. 8 . The increment of the shear force becomes smaller until P = 2.5 W. It is suggested that higher ultrasonic power not only facilitates adhesion but also causes the bond-interface destruction. At P = 3.0 W, the interfacial shear force decreases although high ultrasonic power is applied, as already explained with Fig. 7 . It can be said that the excessive ultrasonic energy is just consumed by a large plastic deformation of the ribbon. The measurement of the gross shear force during ultrasonic bonding is very helpful to understand the bonding progress state. The bottom side of Al ribbon may be recrystallized during ultrasonic bonding because it is worked strongly and the temperature rises. We have confirmed in the previous study 13) that thick Al wire is recrystallized during ultrasonic bonding. We will observe the microstructure of bond-interface of Al ribbon bonding.
7)

Conclusion
It is very important to understand the interfacial frictional states during the Al ribbon bonding. The interfacial shear force and the vibration of the tool-tip during bonding were measured. The main results are shown as follows.
(1) The friction coefficient of the interface during ultrasonic ribbon bonding can be significantly high because of a strong constraint at the interface.
(2) As the adhesion of the interface progresses, the interfacial shear force increases and the tool-tip vibration amplitude decreases. (3) Ultrasonic power contributes not only to adhesion but also to destruction of the interface. (4) When the bonding process is successfully produced, the bonding can be divided into three stages: the initial stage, the middle stage and the final stage. In the initial stage, the interfacial shear force increases rapidly and the vibration amplitude is high. In the middle stage, the shear force increases slowly and the vibration amplitude is suppressed. In the final stage, the shear force and the vibration amplitude are steady.
